Abstract-Passive UWB-RFID technology represents an emerging solution capable of guaranteeing extremely low energy consumption and high-accuracy localization at the same time. One of the most critical tasks is the acquisition of the tag code at reader side, which can be complex, time-and resource-consuming when multiple UWB tags are deployed. This letter proposes a simple and effective approach, based on a specific assignment strategy of the tag code, which drastically simplifies code acquisition by guaranteeing high tag detection performance. A real system implementation adopting this strategy is shown to prove its feasibility in terms of real-time multiple tags detection and localization.
A Low Complexity Scheme for Passive UWB-RFID: Proof of Concept I. INTRODUCTION P ASSIVE ultra-wideband (UWB)-radio-frequency identification (RFID) systems based on backscatter modulation are gaining interest for their capability of providing communication and precise localization with low energy consumption [1] , [2] . Due to the absence of a transceiver in tags, there is no possibility to implement an anti-collision protocol for the multiple access. Consequently, a code division multiple access (CDMA) approach is usually considered where a different spreading code is assigned to each tag [3] . Unfortunately, this approach requires code acquisition at reader side, which can be complex, time-and resources-consuming, becoming not feasible in many applications, especially if no additional synchronization procedures are considered [2] [3] [4] . In fact, the receiver must perform an extensive, and frequently impractical, code acquisition search with multiple de-spreaders to correctly detect the presence of asynchronous tags. Moreover, multi-tag interference is present and the related effects can completely affect the system operation due to near-far problems [3] . In this letter we propose an alternative solution that drastically simplifies the code acquisition procedure. In fact, with the presented scheme, fast (i.e., within one-symbol) detection of asynchronous tags is performed by preserving a low-complexity receiver thanks to a proper assignment strategy of the tag code. Despite this solution is suitable only with few tags simultaneously present in the monitored environment, there are several applications where the high-accuracy localization is mandatory and this limited number is not an issue. An example is represented by sorting systems for items moving on conveyor-belts, e.g., luggage in airports, where a few tags are simultaneously present in the conveyor portion where the localization is performed. Even in completely asynchronous conditions, this solution is able to guarantee an interference-free detection without a significant performance loss. Experimental results obtained from an adhoc realization of the system show the feasibility of multi-tag detection.
The main contributions of this letter are: (i) the introduction of a new low-complexity solution for multi-tag deployment of UWB-RFID systems which avoids the use of a dedicated synchronization channel and an extensive code acquisition; (ii) the validation of the proposed scheme showing the realtime detection and ranging of moving UWB-RFID tags in a real application context. The rest of the letter is organized as follows. In Sec. II the UWB-RFID system architecture is revisited; in Sec. III the proposed tag code assignment strategy is presented; finally, Sec. IV shows the experimental results obtained in a multi-tag scenario.
II. SYSTEM ARCHITECTURE
In the following, the UWB backscatter mechanism and the receiver architecture, exploited in Sec. III, are re-visited.
A. UWB Backscatter Communication
The considered architecture foresees the deployment of a reader that interrogates the surrounding passive tags in order to identify them through the analysis of the backscattered signal. Without loss of generality, we account for the transmission of a continuous sequence of pulses, i.e.,
where p(t) is the transmitted UWB pulse repeated with period T p . When a reader transmits the interrogation signal (1), each tag sends its information back to the reader by modulating the backscatter signal through a proper variation of the load connected to its antenna using a simple UWB switch (backscatter modulation) [1] . The useful signal part is called antenna mode scattering and it is buried by the clutter (i.e., the response of the environment) and by the structural mode scattering, which contains all reflections due to the antenna itself [5] .
To mitigate clutter and interference, an antipodal balanced code c 
l , and where · denotes the floor operation. Thus, we define
pc as the number of pulses per symbol, and it is the same for all tags.
Note that, for each transmitted pulse, the signal backscattered by the tag propagates back to the reader's antenna through the reader-tag link. In this way, the tag component results to be spread by the code {c (k) n }, thus enabling the tag signal detection and the clutter cancellation, as described in the following section.
B. Receiver Architecture
In order to allow the discrimination of the useful tag signal from the other contributions, a de-spreading procedure at the reader side is operated. According to the processing scheme described in [3] , the receiver performs the coherent accumulation of the received signals corresponding to the N s transmitted pulses p(t) within a symbol. Note that tags' code generators at reader side used for de-spreading are completely asynchronous with respect to that of tags. Thus, there is an uncertainty on the offset (phase) of the tag's spreading code with respect to the local generators of the reader. A possible solution is to perform the detection jointly with code acquisition by employing parallel de-spreaders, each tuned to a differently shifted version of the sequence {c (k) l }, wherek denotes the tag the receiver aims to detect [3] . In this way, a dedicated synchronization channel is avoided. For the proposed scheme, we consider code acquisition with N span shifts (i.e., N span parallel de-spreaders) and step , which determines an overall code acquisition window AW = N span . Note that N span is upper limited by the sustainable receiver complexity. For this reason, as will be detailed in the following, codes robust to asynchronous offsets have to be adopted in order to maintain the system complexity affordable.
Without loss of generality, we consider the detection of thek tag (useful tag) by observing the first N s pulses, i.e., a symbol. Denote r reader (t) = w(t) + n(t) the received signal, where w(t) contains the response of all tags and of the environment to the interrogation signal, and n(t) is a zero-mean Gaussian random process. According to [3] , first the received signal is filtered to eliminate the out-of-band noise, obtainingr (t) =w(t) +ñ(t). Once the signal is filtered, it is de-spread giving N span outputs corresponding to N span different code shifts, obtaining
with t ∈ [0, T p ] and n = 1, 2, . . . , N span . In the absence of parallel code acquisition (i.e., only 1 de-spreader) it is N span = 1 and = 0 . It is possible to decompose (2) as y n (t) = x n (t) + z n (t), with z n (t) indicating the noise term. The detection in parallel of N tag tags requires replicating for each tag the same receiver structure. Since the clutter component is canceled through the de-spreading if the tag code {c
l } is exactly balanced (i.e., with the same number of ±1) [3] , we adopt balanced codes, for which x n (t) reduces to
where the filtered single-tag channel response to the interrogation signal is ω (k) (t). Referring to the partially non-coherent receiver scheme described in [3] , energy bins are obtained for each de-spreader output y n (t) and over a period T p as follows
with n = 1, 2, . . . , N span , b = 1, 2, . . . , N bin . T ED denotes the integration time, and N bin = T p /T ED is the number of bins at the output of the energy detector (ED). Therefore, a N bin × N span energy matrix E = e n,b is given by all the ED bins. Each element e n,b of the energy matrix is then compared with a threshold and, if this is exceeded by at least one element, the tag is considered detected. Note that the bin index gives information about the time-of-arrival (TOA) of the tag signal, thus enabling accurate reader-tag ranging. The choice of N span , and code assignment strategy allows to reach the best trade-off between receiver complexity and performance, as investigated in the next section.
III. TAG CODES ASSIGNMENT STRATEGY
We now propose a simple and effective scheme, based on a specific tag code assignment, which leads to obtain fast tag detection while preserving a low system complexity.
A. Codes Assignment
Consider the system architecture of Sec. II, with one reader and fully asynchronous tags. The idea for a low-complexity multi-tag detection, without experiencing detrimental interference effects, is based on the adoption of codewords having the alternation of the chip +1 and −1 at different rates, i.e., with a different number of pulses per chip N These codes are cyclic orthogonal Walsh Hadamard sequences, which are a subset of Walsh-Hadamard codes, and show a periodic behavior, where the period corresponds to twice the chip time. The adoption of these cyclic codes leads to reduce the code acquisition window (i.e., the receiver complexity) which can now be limited within a chip. Then, at reader side, for the detection of each tag a specific couple (N (k) span , (k) ) is assigned, implying the adoption of different de-spreaders steps (k) according to the specific tag to be detected. We adopt N 
Then, the step (k) , defined only for N span > 1, is given by the
span . Note that for the considered case with a symbol length N s and a minimum number of pulses per chip N 
B. Codes Performance
One important requirement for reliable detection and interference mitigation is the availability of a high processing gain for all possible codes. 2 Thus, we tested the proposed sequences considering tags with N s = 8192 and different codewords/parameters, i.e., N (k) pc , (k) and N (k) span for each tag. In Table I , results are reported considering the codes' autocorrelation function, determining the effective process gain, defined as
where m = 1, 2, . . . , N s is the set of possible code shifts due to the asynchronous conditions. Specifically, the average and the maximum processing gain losses, computed over all possible code shifts, are defined as
From Table I , the presence of a loss in the processing gain is evident for tags adopting higher N pc with N span = 8. In fact, the lower the number of de-spreaders, the coarser the search of the code offset. The processing gain loss is in general low (about 0.57 dB and 0.28 dB on average for the considered cases). Moreover, if we want to achieve a higher processing gain also for the detection of the disadvantaged tags (i.e., tags with high N (k) pc ), it is possible to increase the number of de-spreaders for that tags, without the need of enlarging the acquisition window of all tags. The main advantage of the considered codes is their orthogonality, which translates into the complete absence of multi-tag interference, also in completely asynchronous scenarios. In fact, the cross-correlation function between two codewords is θ
In the following, an experimental validation of the lowcomplexity multi-tag RFID scheme based on the proposed codes is shown for a real application.
IV. EXPERIMENTAL VALIDATION
We now describe the measurement scenario and the obtained experimental results, in order to validate the aforementioned UWB RFID scheme.
We consider the reader-tag architecture described in [6] . The realized reader has to cope with the high-complexity of the signal processing algorithms and with the high-level of parallelism required for tag detection, identification, and localization. All these tasks are accomplished by an ad-hoc realized TX/RX RF front-end and an FPGA, which performs the digital base-band signal processing by guaranteeing: (i) the coherent integration of the backscattered pulses considering the tag codes according to (2) (de-spreading); (ii) the energy profile evaluation according to (4) and the computation of the round-trip time of the received signal.
The FPGA controls also the emission of UWB root-raised cosine pulses from the TX board, centered at 4.5 GHz with 700 MHz bandwidth. The RX board samples the in-phase and in-quadrature received signals and forwards them to the FPGA, where signal processing is performed in order to construct the energy matrix E of eq. (4) and to provide a TOA estimate to the microprocessor. The receiver structure described in Sec. II is replicated for the N tag tags to be detected in parallel. The microprocessor packages the data which are successively sent to the central unit via the Ethernet connection. Tags were realized by connecting a UWB antenna with a switch changing its status periodically according to the codes described in Sec. III. The reader was placed over a conveyor belt, in order to emulate a real system devoted to the sorting of goods in industrial/logistic scenarios (Fig. 1) . Two antennas, one transmitting and one receiving placed in quasi-monostatic configuration, were pointed towards the direction of arrival of tags attached over paper boxes. In this way, the estimation of the reader-tag distance allowed determining the tag position over the conveyor and then the tags order of arrival. 
A. Results
Two kinds of tests were performed, with static and moving conveyor, in order to test both the ranging capabilities and the real-time multi-tags detection performance.
1) Ranging Performance:
With the conveyor still, we accounted for one tag (here named as #1) placed at different distances, from 1.5 m to 4.8 m spaced apart by 0.15 m, and repeating the measure 500 times per position. Results in Fig. 2 confirmed that the maximum reader-tag reading distance is up to 4.80 m. For each position, the maximum error committed was in the order of the bin resolution, corresponding to 15 cm in backscattering due to the chosen T ED = 1 ns. At greater distances the backscattered signal energy was low (see Fig. 2 ), and it was not possible to define a threshold for providing a false alarm probability lower than 10 −2 as well as a desired detection rate of at least 90%.
2) Tests With Moving Conveyor: We then performed tests by placing 4 tags at different distances, with spacing comprised between 30 and 70 cm, on a conveyor moving at 1 m/s. We assigned codes with N span and thus the number of correlators. Note that, in the presented results, according to the design proposed in [3] , a bin-dependent threshold (green line) has been adopted instead of a bin-independent threshold (red line), in order to obtain a fixed detection rate and to preserve an overall false alarm rate of 10 −2 . Such a threshold accounts not only for the receiver noise, but also for the expected tag energy related to a certain bin index (i.e., readertag distance) and to the system non-idealities. In fact, in our scenario, the dependence on the bin has been determined by considering the energy received by tag #1 placed at different distances from the reader antennas.
In Fig. 2 an example of real-time detection with moving conveyor is reported, where tags are correctly sorted. Specifically, for each tag the peak of the energy matrix E measured by the FPGA is shown in correspondence of its bin index.
Final tests were performed for 500 times (i.e., for each time, the tag detection was performed exploiting a circular track). A false alarm rate below 10 −2 and a detection rate of 100% over 500 acquisitions were obtained for a moving conveyor, by imposing a maximum reading distance of 2 m in order to work in the highest signal-to-noise ratio (SNR) region and improve the system robustness with respect to receiver nonidealities. For each test, tags were correctly sorted. Such results, obtained in a real practical scenario, confirmed the possibility to adopt this simple and effective solution for multi-tag detection and sorting/localization by guaranteeing reliable performance. In addition, it represents the world first experimental proof of concept of passive UWB RFID technology.
V. CONCLUSION
This letter showed a new low-complexity solution for fast detection of multiple passive UWB-RFID tags avoiding the need of a dedicated time-and resource-consuming code acquisition and the implementation of complex receiver structures, thanks to the adoption of cyclic orthogonal codes. Experimental results collected on a real moving conveyor belt highlighted for the first time the feasibility of such a scheme, which represents a novel and viable solution for several applications where high-accuracy identification and localization are required.
